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Abstract
Seed germination is a key part of plants' life cycle and is mostly affected by the
genetic background, the environmental conditions experienced by the mother
plant and the seedbed conditions. The germination response to light is essen-
tial to optimize germination and seedling establishment in space and time. In
addition, the germination response to light is a trait often related to the
response of the seeds to their position in the soil (uncovered/buried). Here, we
studied the germination response to light of four key tree species of the Yungas
forest (Anadenanthera colubrina, Enterolobium contortisiliquum, Jacaranda
mimosifolia and Handroanthus impetiginosus) sampled along an elevational
and environmental gradient with contrasting vegetation cover and distur-
bance. Relative light germination (RLG) and mean germination time (MGT)
were determined. Final germination was tested under cycles of light (8 h) and
darkness (16 h) versus complete darkness (24 h) and elevation, and MGT was
tested as a function of elevation of the provenance. The RLG increased from
smaller to larger-seeded species. The MGT of three of the studied species was
affected by the elevation of the provenance. Complete darkness negatively
affected final germination, while two species exhibited a significant interaction
between the provenance and light. The variable germination responses to light
along the elevational gradient highlights the influence of the environment on
germination as a key factor that should be considered for forest management,
conservation and restoration projects.
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1 | INTRODUCTION
Seed germination is a stage of high risk in the life cycle
of plants species that leads to the establishment of new
individuals in a population (Augspurger, 1984; Hoff-
mann et al., 2010; Kanegae, Braz, & Franco, 2000).
Germination time and amount are affected by several
aspects including the genetic background, the environ-
mental conditions experienced by the mother plant
during seed production (e.g., temperature, radiation
and precipitation) and the seedbed conditions
(e.g., temperature, light and soil moisture content;
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Baskin & Baskin, 2014; Carón et al., 2015; De Frenne
et al., 2012; Karssen, 1970).
Light is an important factor determining germination
of seeds on the seedbed. Seeds of some species only ger-
minate in light (photoblastic positive), others only in
darkness (photoblastic negative) and others are indiffer-
ent to light conditions (photoblastic indifferent)
(Baskin & Baskin, 2014). However, the ultimate effect of
light on seeds varies with the genotype and the dominant
environmental factors during seeds' maturation, dor-
mancy and germination itself (Pons, 2000). Therefore,
seeds produced under contrasting environmental condi-
tions can exhibit variable responses to light (Pons, 2000).
Frequently, small seeded species in temperate biomes
were reported as photoblastic positive while in other
environments such as tropical and Mediterranean envi-
ronments some studies point out the opposite relation-
ship (Leishman, Wright, Moles, & Westoby, 2000;
Metcalfe & Grubb, 1995, 1997; Milberg, Andersson, &
Thompson, 2000). Consequently, it is important to inter-
pret the response to light in the specific environment
under study. The presence of light provides important
information about the time and place for seedling estab-
lishment increasing the chances of successful germina-
tion and seedling establishment. For example, the
presence/absence of light can be an indication of seeds
buried in the soil vs at the soil surface which has a strong
influence on the emergence above the soil and on the
seedlings' early survival.
Knowledge about the response of seed germination
to light in some forest types such as montane forest is
especially limited (Baskin & Baskin, 2014). According to
Baskin and Baskin (2014), the light requirements for
germination of only 20 tropical montane tree species has
been determined. However, such knowledge is of major
importance because many forest types including tropical
and subtropical montane forests are under strong pres-
sure due to degradation, deforestation and forest frag-
mentation mainly caused by agricultural expansion
(FAO & JRC, 2012; Gasparri, Grau, & Manghi, 2008). In
South America, land-use change resulted in a loss of 4.3
million ha of forest per year between 2000 and 2005
(FAO & JRC, 2012). Land-use change is predicted to
continue in tropical and temperate forests of Latin
America, mainly caused by expanding agriculture and
increasing demand of woody biomass and biofuel
(Grau & Aide, 2008). In addition, selective logging is ris-
ing in the region. Therefore, larger gaps are created in
the forest canopy. Simultaneously, the forest soil condi-
tions are altered thought changes in the amount of light
that reaches the soil and by soil movements that modify
the position of the seeds in the soil, that is, seeds get
buried (excluded from light) or uncovered (exposed to
light).
In South America, one of the forest types most
strongly affected by deforestation, fragmentation and
selective logging is the Yungas' forest (Brown &
Pacheco, 2006; Grau & Brown, 2000; Volante, Alcaraz-
Segura, Mosciaro, Viglizzo, & Paruelo, 2012). This forest
type, extending from Venezuela to Argentina (Brown &
Kappelle, 2001) between 400 and 3,000 m a.s.l., is one of
the most biodiverse ecosystems of the continent
(Brown & Kappelle, 2001) and is extremely important for
the provisioning of essential ecosystem services, includ-
ing watershed protection, production of wood and biofuel
and recreation (Brown, 1995). The strong land-use
change, forest degradation and fragmentation combined
with the lack of knowledge on germination responses to
light make the future dynamics and composition of this
forest type difficult to predict. However, the deforestation
and forest degradation pressures are highly variable
along its elevational range. The areas at lower elevations
are the most threatened due to their accessibility and less
steep slopes. Therefore, the forest soil has a variable dis-
turbance regime and the seeds of trees produced at lower
elevations are more likely to be moved in the forest soil
due to human trampling and machine manipulation
resulting in a variable exposure of seeds to light. For this
reason, studying the germination of important forest tree
species of this highly threatened forest under contrasting
light conditions is important to understand and forecast
the composition of the forest under different manage-
ment regimes and to develop restoration and conserva-
tion actions.
Here, we studied the variation in seed mass and ger-
mination response (germination amount and time) of
four important, tree species of the Yungas forest, Ana-
denanthera colubrina, Enterolobium contortisiliquum, Jac-
aranda mimosifolia and Handroanthus impetiginosus
sampled along an elevational gradient with variable
deforestation and forest degradation pressures under con-
trasting light conditions (cycles of light and darkness
vs. complete darkness). We expect that the germination
responses to light will vary among species and that the
provenance of the seeds will influence the germination
response of the species to light. A variable germination
along the gradient is expected because the species
response to light is known to be affected by the environ-
mental conditions during ripening (Pons, 2000), which
are highly variable along the gradient considered here.
We also expect that the species with the heavier seeds
will germinate better under complete darkness as
recorded for many species around the globe (Metcalfe &
Grubb, 1995; Milberg et al., 2000).
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2 | MATERIAL AND METHODS
Four common and widespread distributed tree species
(typical elements of Yungas but also frequent in the transi-
tion with Chaco) with potential high economic value
were selected: Jacaranda mimosifolia (Bignoniaceae),
Handroanthus impetiginosus (Bignoniaceae), Enterolobium
contortisiliquum (Fabaceae) and Anadenanthera colubrina
(Fabaceae). For each of these four species, we collected seeds
in four or five provenances located along an elevational-
climatic gradient from 349 to 1,567 m a.s.l. (corresponding
to a mean annual temperature gradient of 16.3 to 22.3C,
Table 1). In each provenance, seeds from at least 10 ran-
domly selected dominant individuals were collected at seed
maturity (between September–November of 2015 depending
on the species; see Carón, De Frenne, Ortega-Baes,
Quinteros, & Verheyen, 2018 for details). Immediately after
collection, the seeds were extracted from the fruits and the
seeds were kept at room temperature and humidity in paper
bags until the beginning of the experiment (November
2015). The seeds of all the species are considered orthodox,
therefore, it is unlikely the conservation conditions affected
the experimental results.
Four replicates of 25 seeds per provenance and spe-
cies were germinated at a constant temperature of 25C
in a growth chamber at the National University of Salta.
This temperature was chosen since this is the optimum
temperature for germination of J. mimosifolia,
H. impetiginosus and E. contortisiliquum and frequently
used for germination trials of A. colubrina; Santos Rego
et al., 2011; Barboza Nogueira, Pinheiro, Filho, & Da
Silva Matos, 2014; Baskin & Baskin, 2014). The seeds
were placed under cycles of 8/16 h of light/darkness
(30 μmol m−2 s−1, 400–700 nm of cool white fluorescent
light) versus complete darkness. The germination was
conducted in petri-dishes of 9-cm diameter containing
one disk of Whatman No. 1 filter paper moistened with
distilled water. For the complete darkness treatment,
the petri-dishes were wrapped in aluminum foil and
placed in black polyethylene bags to avoid any exposure
to light. The seeds germinated under cycles of light and
darkness were counted and removed daily during
30 days while the seeds incubated under complete dark-
ness were only checked at the end of the experiment
(30 days after initiation). The emergence of the radicle
was considered as “germination.” Because the seeds of
E. contorisiliquum have physical dormancy, seeds were
mechanically scarified by making a small cut on the
seed coat distal to the embryo prior to the experiment
(Galíndez et al., 2010; Galíndez et al., 2016). For the
other species no dormancy was reported; therefore, no
pretreatment was applied (see Baskin & Baskin, 2014;
Fredericksen, Justiniano, Mostacedo, Kennard, &
McDonald, 2000; Socolowski & Takaki, 2004).
At the end of the experiment, the germination per-
centage under each light treatment was determined for
petri-dish. Germination percentages recorded in light/
darkness versus in complete darkness were used to calcu-
late an index of light requirement for germination
referred as the “relative light germination” index (RLG;
see Milberg et al., 2000) according to the following for-
mula RLG = Gl/(Gd + Gl), where Gl is the germination
percentage in light/darkness cycles and Gd the germina-
tion percentage in darkness. RLG ranges from 0 (germina-
tion only in darkness) to 1 (germination only in light/
darkness cycles). Additionally, the mean germination
time (MGT) was calculated (this was only done for the
seeds incubated under cycles of light and darkness where
germination was recorded daily), following the formula:
MGT = ΣDN/ΣN; where D is the number of days counted
from the date of sowing and N is the number of seeds
germinated on day D (Ellis & Roberts, 1980).
The viability of the seeds was not checked at the end
of the experiment. However, viability was tested in
30 seeds of the same seed lots before the experiment with
Tetrazolium salt solution (The tetrazolium Subcommittee
of the Association of Official Seed Analysts, 2000). After
coloration (for approximately 24 h), the seeds were cate-
gorized, based on the pattern of coloration (The tetrazo-
lium Subcommittee of the Association of Official Seed
Analysts, 2000), into viable or non-viable (including seeds
with necrotic tissue).
3 | DATA ANALYSIS
For each species separately, the proportion of germi-
nated seeds under cycles of light and darkness versus
complete darkness (total amount of the four replicates
of 25 seeds per provenance) was analyzed using mixed-
effect models with binomial error distribution (glmer
function, lme4 library in R Core Team 2017) with the
standardized elevation of the provenance of the seeds
(ratio between the provenance-specific value and the
overall mean), the light treatment (cycles of light and
darkness vs. complete darkness) and their interaction
as explanatory factors and the provenance of origin as
random factor. The mean germination time (MGT) was
analyzed with GLM with Gaussian error structure and
with the standardized elevation of the provenance of
the seeds as explanatory factor. To fulfill normality and
homoscedasticity assumptions, the MGT was log trans-
formed. For each variable analyzed, first the full model
was fitted (all the fixed effects and their interactions),
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after which models were simplified by dropping first
the least significant interaction and then the least sig-
nificant individual variable at each step. The compari-
son between models was based on the likelihood ratio
test (LRT) for the binomial data and on the scaled devi-
ance for the Gaussian data, until all the remaining
terms were significant (Zuur, Leno, Walker, Saveliev, &
Smith, 2009).
4 | RESULTS
4.1 | Germination under cycles of light
and darkness versus complete darkness
The germination of all species was negatively influenced
by the absence of light compared to the germination
under cycles of light and darkness (Table 2 and Figure 1).
TABLE 2 Seed germination of Jacaranda mimosifolia, Handroanthus impetiginosus, Anadenanthera colubrina and Enterolobium
contortisiliquum as a function of the elevation of the provenance of the seeds and the light treatment
Species Variable LRT p-value (χ²-test)
Jacaranda mimosifolia Elevation 2.322 n.s.
Light treatment (darkness) 107.741 <.001***#
Elevation*light treatment (darkness) 1.996 n.s.
Handroanthus impetiginosus Elevation 3.305 n.s.
Light treatment (darkness) 98.144 <.001***#
Elevation*light treatment (darkness) 12.260 .001***"
Anadenanthera colubrina Elevation 0.620 n.s.
Light treatment (darkness) 445.930 <.001***#
Elevation*light treatment (darkness) 40.057 .001***#
Enterolobium contortisiliquum Elevation 0.970 n.s.
Light treatment (darkness) 486.71 <0.001***#
Elevation*light treatment (darkness) 4.708E-09 n.s.
Note: The direction of the effect is indicated by arrows: " and # correspond to an increase or decrease in germination, respectively. The signif-
icance codes are: n.s.: p > .05; *p < .05; **p < .01; ***p < .001).
Abbreviation: LRT, likelihood ratio test.
FIGURE 1 Seed germination
of Jacaranda mimosifolia (a),
Handroanthus impetiginosus (b),
Anadenanthera colubrina (c) and
Enterolobium contortisiliquum (d) as
a function of the elevation of
provenance of the seeds and the
light treatment (n = 4 replicates of
25 seeds per provenance under each
treatment). The shaded areas
indicate the 95% confidence interval
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This response was especially clear for the two Fabaceae
species (Anadenanthera and Enterolobium), these species
virtually did not germinate under complete darkness
(Figure 1). The elevation of the provenance of the seeds
did not significantly affect the germination of any of the
species (Table 2). However, the interaction between the
elevation of provenance of the seeds and the light treat-
ment (cycles of light and darkness vs. complete darkness)
showed to be significant for Handroanthus and Ana-
denanthera. For Handroanthus, the difference between
the germination recorded under cycles of light and dark-
ness compared with the recorded under complete dark-
ness decreased with increasing the elevation of the
provenance of the seeds. On the other hand, the differ-
ence between the germination of Anadenanthera under
cycles of light and darkness versus complete darkness
increased with the elevation of the provenance of the
seeds (Table 2 and Figure 1).
Relative light germination (RLG) increased from
smaller-seeded species (Jacaranda) to intermediate
(Handroanthus and Anadenanthera) to large-seeded spe-
cies (Enterolobium) (Table 1).
4.2 | Mean germination time
The mean germination time of Handroanthus and Ana-
denanthera increased with the elevation of the prove-
nance of the seeds, such that seeds from populations
located at higher elevations germinated slower than seeds
from populations located at lower elevations. A decrease
in germination time with increasing elevation of the
provenance was observed in Enterolobium (Table 3).
5 | DISCUSSION
The four species studied here germinate significantly bet-
ter under cycles of light and darkness compared to dark
conditions. The germination of the two Fabaceae species
was virtually zero under complete darkness, which was
not expected because species of the Fabaceae family tend
to germinate well in the dark regardless of their seed size
(Fenner, 2006). Still, to confirm the results of this study,
the germination of the two Fabaceae species should be
analyzed under different light and temperature regimes
(including alternating temperatures) and under natural
forest conditions. It is important to note that, despite the
different results between germination percentages and
viability, it is expected that the same proportion of viable
seeds have been incubated under both light conditions
and because of this, the results have not been affected.
The significance of the interaction between light and
the elevation of the provenance of the seeds even though
was negative for Handroanthus and positive for Ana-
denanthera evidence the relevance of the provenance on
the response of the seeds to light. Previous studies
reported that the effect of light on seeds depends on the
genotype and on the environmental factors experienced
during ripening of the seeds, during dormancy and dur-
ing germination itself (Pons, 2000). Therefore, taking into
account that along the elevational gradient the environ-
mental conditions are highly variable (e.g., variable tem-
perature and forest cover), it is likely that this variation
in environmental conditions resulted in variable response
to light. Moreover, Bewley and Black (1982) pointed out
that that seed responses to light are a control of light over
dormancy rather than over germination. It is known that
the induction and release of dormancy are controlled by
various regulators including plant hormones and dor-
mancy proteins; the relative importance of these regula-
tors is influenced by environmental factors during seed
maturation and storage (Nee, Xiang, & Soppe, 2017).
Considering that the storage conditions were identical for
all the seed lots used in this experiment it is likely that
the differences are caused by the environmental condi-
tions. It is likely that Anadenanthera is more adapted to
more open habitats with lower temperatures at higher
elevations (relative to Handroanthus). On the other hand,
the response of Handroanthus might be linked to other
aspects such as the prevention of germination when
exposed to very open conditions to avoid desiccation at
the soil surface. Additionally, this variation in the
response to light as a function of the provenance might
indicate that the ability of the species to colonize gaps
might change not only with the life stage as indicated by
Fenner (2000) but also with the provenance of the
seeds. Traditionally, Jacaranda, Enterolobium and
TABLE 3 Mean germination time of Jacaranda mimosifolia,
Handroanthus impetiginosus, Anadenanthera colubrina and
Enterolobium contortisiliquum as a function of the elevation of the
provenance of the seeds
Species
Scaled
dev.
p-value
(χ²-test)
Jacaranda mimosifolia 1.775 n.s.
Handroanthus impetiginosus 7.678 .006 **"
Anadenanthera colubrina 4.381 .036 *"
Enterolobium
contortisiliquum
5.867 .015 *#
Note: The direction of the effect is indicated by arrows: " and # cor-
respond to an increase or decrease in mean germination time,
respectively. The significance codes are: n.s.: p > .05; *p < .05;
**p < .01; ***p < .001).
Abbreviation: scaled dev, scaled deviance.
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Anadenanthera are classified as pioneers while
Handroanthus is a typical climax species. Our findings
support the previous classification of Handroanthus,
Enerolobium and Anadenanthera but not of Jacaranda
since the latter germinated well under complete darkness
(although this species also produces a high number of
small seeds, a typical trait of pioneer tree species).
The mean germination time of all the species except
Jacaranda varied as a function of the elevation of the
provenance of the seeds. This might be linked to the vari-
ation in genetic and environmental characteristics at the
provenance (Baskin & Baskin, 2014; Castro, Reich,
Sánchez-Miranda, & Guerrero, 2008; Fenner &
Thompson, 2005) and with different competition pres-
sures along the elevational gradient. For instance, higher
competition at lower elevations may trigger faster germi-
nation. Additionally, the variable temperature along the
elevational gradient might have an influence on the
mean germination time. Lower temperatures at higher
elevations might condition the seeds to germinate slower
to avoid early germination and frost-induced seedling
damage.
Finally, we found a positive relationship between
the RLG index and the seed mass. This does not con-
firm to previous findings: species that produce heavier
seeds tend to exhibit higher germination percentages
and require less light for germination (Leishman
et al., 2000; Milberg et al., 2000; Pons, 2000). The
Fabaceae species studied here produce larger seeds and
needed light to germinate while the two Bignoniaceae
species produced lighter seeds that germinated in rela-
tive high percentages under complete darkness. How-
ever, results in line with our findings were reported in
some vegetation types such as the Mediterranean region
and tropical rainforests (Leishman et al., 2000;
Metcalfe & Grubb, 1995, 1997; Milberg et al., 2000).
Recent studies have shown that the relationship
between seed mass and germination response to light is
not as simple as previously proposed (Carta, Skourti,
Mattana, Vandelook, & Thanos, 2017) and might
change according to the environment. It is important to
consider that the seed mass is not only important for its
relationship with the germination response to light, but
it is also important for other aspects of the species' ecol-
ogy including the species' strategy to deal with herbiv-
ory, seed water relation (Green & Juniper, 2004) and
the competitive hierarchies between seedlings
(Leishman et al., 2000).
In sum, we demonstrate a negative relationship
between seed mass and the germination responses to
light which can be an indication of a possible variable
relationship between seed mass and germination
responses to light in different environments. The germi-
nation of all the species studied here was negatively
affected by complete darkness. The germination success
of Handroanthus and Anadenanthera was influenced by
the provenance of the seeds and this variation should be
considered when trying to classify the species along the
pioneer – climax continuum. However, further research
on the germination of the tree species studied here under
different light regimes and alternating temperatures in a
growth chamber and in the field simulating different
degrees of forest canopy cover and light qualities is
needed to fully understand the seed germination ecology
of these species and the position of the species along the
pioneer—climax continuum.
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